We have determined the 5-methylcytoslne (5mC) content In high molecular weight DNA, from two dicot (tobacco and pea) and two monocot (wheat and maize) plant species, fractionated according to base composition. The results show that the proportion of 5mC In the genomic fractions increases linearly with their guanlne + cytosine (G + C) content while the proportion of non-methylated cytosine remains almost constant. This can be interpreted as a consequence of a difference in mutation pressure related to spontaneous deamination of 5mC to thymine between the different compartments of plant genomes.
INTRODUCTION
In many organisms, nuclear DNA is methylated at cytosine (C) residues to give 5-methylcytosine (5mC). Evidence exists from previous studies which indicate that, in eukaryotes, DNA methylation is involved in regulation of gene expression (1-3). Levels of DNA methylation are variable in animal genomes, ranging from undetectable amounts in some insects to about 8% of total cytosine in vertebrates (4) . In all cases, more than 95% of 5mC is found in the dinucleotide CpG (5) . The nuclear genome of higher plants is, generally, more heavily mediylated, the level of 5mC accounting for more than 30% of total cytosines in some species (4) . The cytosine is methylated in plants not only at CpGs but also at a variety of other cytosine containing dinucleotides, all of which are part of the basic trinucleotide CpNpG where N can be any nucleotide (6) .
Studies on the distribution of CpG dinucleotides in eucaryotic genomes, using restriction endonucleases (7, 8) , revealed two basic patterns common for plants and vertebrates. In the first pattern, CpG dinucleotides are generally methylated and scattered along the DNA in both coding and noncoding sequences, at lower frequency than expected on the basis of G+C content. In the second pattern, CpGs are clustered in 1 -2 Kb long segments of DNA, they are not methylated, and their frequency is close to expected. These clusters of CpGs have been called CpG islands, and they generally overlap regulatory sequences at the 5' end of housekeeping genes and some tissue specific genes.
The two patterns mentioned above are related to the long-range structure of genomes. In fact, the nuclear genomes of angiosperms, as those of vertebrates, are compositionally compartmentalized; i. e. they are organized in mosaics of long (over 300 Kb), compositionally relatively homogeneous DNA segments, called isochores (9) (10) (11) . In mammals, it has been shown that the CpG islands are located in G+C rich isochores, while G+C poor isochores contain few, if any, of them (12) . A similar situation has been found when studying the distribution of CpG dinucleotides in several genes of angiosperms. CpGs are strongly avoided in G+C poor genes, which are located in G+C poor isochores, whereas they are only slightly avoided in G+C rich genes, located in G+C rich isochores (11) . The pattern of distribution of CpG dinucleotides in DNA provides information relative to both the function and the evolutionary forces shaping DNA sequences. First, although the precise role of CpG islands is not entirely clear, general consensus is that they could be involved in regulating gene expression in neighboring genes. There are genes which lack this level of regulation. Second, the CpG dinucleotides mutate one order of magnitude faster than the others. Their accumulation in or their disappearance from a sequence indicates that some major selective forces, or mutational biases, were involved during the sequence evolution.
Here, we have determined the distribution of 5mC in DNA fractions from four plant genomes trying to shed light on the evolution of their compositional organization at the level of long DNA stretches. Because of the differences in genome organization between dicots and Gramineae (10,13), we selected for this study four angiosperm species representing both Gramineae (wheat and maize) and dicots (pea and tobaco). A similar study was carried out several years ago (14) when low molecular weight (around 1 Kb) DNAs from three dicots were fractionated into low, moderate and high G+C fractions, and the 5mC content of these fractions was determined. The authors found a constant level of non-methylated cytosine and a linear increase of 5mC with the G+C content. We extended these results to new plants using more refined fractionation techniques. In addition, we used for fractionation high molecular weight DNA (50-100 Kb) which enabled us to draw conclusions about the evolution of long range chromosomal structures. The results obtained here indicate that, in plant genomes, the differences in 5mC content account for most of the differences in G+C content between isochores, and allow us to suggest that the main cause for the compositional compartmentalization of the plant genomes is a different extent of mutational G+C and A+T pressures in different genomic compartments.
MATERIALS AND METHODS
Isolation and fractionation of nuclear DNA Etiolated seedlings from wheat (Triticum aestivum L., cv. Ribereno) and pea (Pisum sativum L., cv. Desso) and leaves from tobacco (Nicotiana tabacum L., cv. White Burley) and maize (Zea mays L., inbred line 82-2017-1/3012-4), were used to isolate nuclear DNA as previously described (10) . The size of the DNA fragments obtained in these preparations was in the 50-100 kb range, as determined by rotational electrophoresis with appropriate size markers.
Fractionation of nuclear DNAs by preparative centrifugation in CS2SO4 density gradients, in the presence of the DNA ligand BAMD [3,6 bis (acetate-mercuri-methyl) dioxane], was carried out as described elsewhere (10) . Gradients were fractionated, and aliquots were pooled into 10 or 11 fractions, the pellet being considered as the first fraction. In the case of the pea seedlings, we used the fractions described in the Figure 1 of reference 10 .
HPLC base composition analysis
Two micrograms of DNA from each fraction, from total unfractionated nuclear DNA, and from pBR322, used as standard, were hydrolized to individual bases as previously described (15) . The separation of the bases was performed on a Beckman Ultrasphere IP C18 (4.6x 150 mm) column equilibrated with 10 mM potassium dihydrogen phosphate pH 3.1, 3 mM hexanesulfonic acid, and 2% (v/v) acetonitrile at a flow rate of 1 ml/min. The peaks corresponding to each base were detected at 280 nm. The mol percentage of each base was determined from their peak areas. Each hydrolizate was analyzed twice, being both values always less than 0.5% different in G+C. The results presented are the average of the two analyses.
Estimation of expected methyiation targets
The amount of theoretically expected methyiation targets was estimated assuming that (i) there are two types of targets in plant genomes (CpG and CpNpG) and (ii) there is a random distribution of nucleotides along the DNA. The density of targets was calculated assuming that the probability of encountering the dinucleotide CpG in a nucleotide sequence equals pi= r c .r G (where r c and r G correspond to the fractions of total cytidine, methylated and non-methylated, and guanidine nucleotides respectively in the DNA), and the probability of trinucleotide CpNpG equals p2= r c .r N .r 0 . The CpG-containing trinucleotide CpCpG has two methyiation targets both of which should be taken into account, while the trinucleotide CpGpG, with probability P3 = r c .r G 2 , should not be taken into account because its cytosine was already accounted for as a methyiation target in CpG. Therefore, the formula for the expected density is: 
RESULTS AND DISCUSSION
Hie proportion of 5mC in genomic fractions is linearly related to their G+C contents Plant genomes have been shown to be organized in mosaics of long, compositionalJy homogeneous DNA segments called isochores (10, 11) . Here, we investigated the distribution of 5mC in DNA fractions containing different families of isochores which compose the genomes of two Gramineae and two dicot species. Table I presents the total G+C, cytosine and 5mC contents in unfractionated DNA and in DNA fractions. The relative amount of each DNA fraction within the genomes is also indicated. The 5mC contents of total unfractionated DNAs are very close to those previously reported (4, 16) . The results reveal that the level of methylated cytosine in the genomic fractions strongly depend on their G+C content (Fig. 1) .
On the other hand, the proportion of unmethylated cytosine varies very slightiy within the genomes, in spite of considerable differences in the total G+C content between fractions (Table  I) . These results indicate that the differences in composition between genomic compartments are mainly due to different levels of 5mC in different chromosomal regions.
The extent of methylation of expected targets in genomic fractions is linearly related to their G+C content Table I also presents the extent of methylation of expected targets ( r mo/exp). ie -the ratio between the content of 5mC found in fractions (and in total unfractionated DNAs), and the number of theoretically calculated methylation targets. The extent of methylation of expected targets in a DNA sequence is the product of two parameters:
•"nw/exp = <Wexp-r^ava (equation 2) r avi/exp is the ratio of available to expected targets. Usually, it is lower than 1 due to the underrepresentation of methylation targets in genomes. It depends on the type of target and on the type of nucleotide sequence. The CpNpG targets are apparently not underrepresented in plants (r Jva , exp = 1) (17) , unlike the CpG targets in which case this parameter varies widely (7). r mo/»va represents the methylation of available targets (for example, 0.7-0.9 on the average in wheat germ, 6).
The rma/ejp could be calculated by using the equation 1:
In all four plants studied, the extent of methylation of expected targets (T^^^ increases in succeeding fractions as the G+C content increases (Table 1 ; Fig. 1 ). This was unexpected since one might have anticipated a lower r met/exp in G+C rich fractions than in A+T rich ones due to the high proportion of CpG dinucleotides found in genes located in G+C rich fractions (11) . Thus, the CpG islands probably constitute a too small portion of the G+C rich fractions to influence their average base composition.
The observed increase of r^^p w ' m G+C content (Table 1 ; Fig. 1 ) is probably a result of the increase of T Bvalcxp in succeeding fractions. In other words, methylation targets are probably less underrepresented in G+C rich compartments than in the A+T rich ones. The parameter r^,^, representing the extent of methylation of available targets, would influence the r^^, to a lower extent. The alternative possibility, i.e. that the differences in r^t/^p are mainly due to lower methylation of available targets ( r ma/ava) m A+T rich fractions than in G+C rich ones, is not very plausible because a high frequency of CpG doublets, typical of non-methylated islands, have been found in G+C rich compartments (11) , and outside of these islands the plant genomes are apparently uniformly and highly methylated (7).
Compositional compartmentalization could be caused by different mutational pressures in different genomic regions
The persistence of higher levels of CpG dinucleotides in G+C rich DNA fractions, and even the existence of G+C rich compartments in spite of this mutational pressure towards A+T is probably due to two different phenomena. On one hand, CpG dinucleotides present at CpG islands are generally not methylated and, therefore, they do not constitute mutational hot spots. On the other hand, DNA repair mechanisms likely exist which protect 5mC from disapearance by mutation (18) . McClelland (17) postulated that there is a system of mismatch repair, which preferentially repairs G:T back to G:C, if these mismatches arise by deamination of 5mC located in CpNpG trinucleotides. This would explain why these trinucleotides are not underrepresented in plants. A similar system might also protect the CpG from disappearance. Evidence indicates that such systems may exist in mammals (19) and in Xenopus (20) . Both of these mechanisms would not only maintain the existing methylation targets, but would also occasionally convert to G:C the G:T mismatches resulting from errors of replication of A:T base pairs, exerting a mutational pressure towards G+C. In the compartmentalized genomes of plants, the balance between mutational pressures towards A+T and G+C would had been set at different levels in different compartments, because of different degrees of involvement of the protection mechanisms of methylation targets in the process of DNA repair (20) .
The constant level of non-methylated cytidine in DNA fractions differing in composition suggests that the genomic compartments in plants derived from compositionally more uniform DNA mainly by 5mC:G to T:A mutations, occurring with different frequencies in different chromosomal regions. In fact, as a result of these mutations, the proportion of A and T increases, the proportion of 5mC and G diminishes, while the proportion of non-methylated C remains constant.
In addition, we have found that the G+C rich genomes (wheat and maize) are relatively less methylated (about 70% of calculated targets) than the A+T rich genomes (pea and tobacco, 90 and 96% of calculated targets respectively, see Table 1 ). This finding could exemplify a more general trend. On this way, preliminary calculations for 66 plants, performed by using data from the literature (4) and assuming random nucleotide distribution, showed that the higher G+C content, the lower the occupation of expected methylation targets (Filipski et al. unpublished) . This also suggests that 5mC:G to T:A mutation pressure weights heavily on the overall balance of biasses and selection forces operating in plant genomes.
